The effects of nitrogenous synergists on the potentiometric responses to divalent transition metal ions were investigated concerning polymeric liquid membranes containing thenoyltrifluoroacetone (Htta) as an ionophore. The tested synergists were pyridine (py) and 4,4′-dioctyl-2,2′-bipyridyl (C8bpy). The potentiometric responses to metal ions, such as Cd 2+ , Co 2+ , Ni 2+ and Zn 2+ , were induced by adding the synergists into the liquid membrane systems. The coexistence of Htta and a synergist was necessary for generating the membrane potential. The tta -anion adsorbed at the liquid membrane/solution interface and the complex formation between the synergist and a given metal ion appeared to participate in preferential uptake of metal ions.
Introduction
Many liquid membrane ion-selective electrodes (ISEs) have been constructed employing various ion-exchangers as well as neutral and charged ionophores as sensing materials with excellent selectivities for cations and anions. 1 The potentiometric selectivity coefficients of ISEs sensitive to inorganic cations, 2 inorganic anions 3 and organic ions 4 have been reviewed in detail. So far, several experimental studies have demonstrated that the generation of a membrane potential of those types of ISEs could be attributed to permselective ion transport across the liquid membrane/solution interface, i.e., charge separation through a preferential uptake of a primary ion by a sensing element in the liquid membrane, leaving its hydrophilic counter ion in an aqueous sample solution. [5] [6] [7] [8] [9] [10] [11] [12] The use of acidic chelating agents as a sensing material in liquid membrane ISEs for metal ions has hardly been successful. The major difficulty in obtaining potentiometric responses of liquid membranes based on conventional chelating agents was due to the relatively water-soluble properties of the agents, which lead to the formation of uncharged metal chelates in the bulk aqueous phase and successive partition into the organic phase. Therefore, the generation of charge separation at the liquid/liquid interface seems to be difficult in membrane systems based on chelating agents. However, we earlier found that the potentiometric response of a polymeric liquid membrane containing an acidic chelating agent to metal ions is induced, when the chelating agent is lipophilic enough for the permselective uptake of a specific metal ion at the membrane/solution interface. 13 On the other hand, as reported in our previous paper, 14 we succeeded in obtaining the potentiometric responses of polymeric liquid membranes containing conventional acidic chelating agents to metal ions by the addition of unidentate synergists employed in synergistic extraction, such as tributyl phosphate and pyridine (py), to the liquid membrane system. In the present paper, we describe the potentiometric response of a liquid membrane containing thenoyltrifluoroacetone (Htta) to several divalent metal ions induced by uni-and bidentate nitrogenous synergists.
freshly distilled in the presence of lithium aluminium hydride just before use. Solutions of metal ions (1.00 M) were prepared daily by dissolving weighed amounts of metal sulfates in water and diluted whenever needed. Distilled water was deionized and used throughout the experiments.
Apparatus
A DKK (Denki Kagaku Keiki, Tokyo, Japan) ion meter IOL-40 and an Orion (Boston, MA, USA) digital ionalyzer 701A were used for potentiometric measurements. A Hitachi (Tokyo, Japan) spectrophotometer U-1500 was used for spectrophotometric measurements. A DKK pH meter PHL-40 was used for measurements of the solution pH.
A Varian (Victoria, Australia) atomic absorption spectrometer SpectraAA-880 was used for the determination of extractability of metal ions.
Preparation of polymeric liquid membranes and potentiometric measurements
Polymeric liquid membranes containing Htta were prepared in the same manner as previously reported, 14 upon dissolving PVC and DOP containing an appropriate amount of Htta, at a weight ratio of 1:2, in THF, followed by allowing THF to evaporate. Liquid membrane electrodes were constructed either by mounting a 6-mm diameter disk cut out of the prepared membrane in a petri dish into a Unicam (Swiss) Model IS-561 ISE body, or by fixing a 25-mm diameter disk onto one end of a glass tube (15 mm o.d., 110 mm in length) with a piece of adhesive poly(tetrafluoroethylene) tape. For both cases, a 33.3 mM Na2SO4 solution was used as the internal solution. An Orion double-junction Ag/AgCl electrode, containing a 33.3 mM Na2SO4 solution in the outer chamber, served as a reference electrode. Of two synergists tested, py was added into the aqueous sample solution, whereas C8bpy was incorporated into the liquid membranes. The electrochemical cell assembly was as follows:
Ag-AgCl | 33.3 mM Na2SO4 | liquid membrane | sample solution || 33.3 mM Na2SO4 || 3 M KCl | AgCl-Ag All the potentiometric measurements were carried out at room temperature (25 ± 2˚C). Sample solutions (50 mL) usually contained 33 mM Na2SO4 and 25 mM pH-adjusting acetate buffer. After the liquid membrane was conditioned in a sample solution free from primary metal ions, the concentration of the metal ion was changed from low to high by the stepwise addition of small volumes of a metal sulfate solution.
Solvent extraction experiments
An eqivolume of DOP containing Htta and an aqueous phase containing metal ion at an appropriate concentration and 33 mM Na2SO4 was vigorously shaken for 30 min. After the phases were allowed to separate, the metal ion concentration remaining in the aqueous phase was determined by AAS, and the pH was measured. The experiments were achieved by varying the pH in aqueous phases. Synergists, py and C8bpy were added into the aqueous and DOP phases, respectively, in the same way as in the potentiometric measurements.
Estimation of the distribution coefficients
Measurements of the distribution coefficients (KD) of Htta and py were carried out in the same manner as previously reported. 13 In the present case, however, py was added into the aqueous phase. The concentrations of Htta in the organic phase and py in the aqueous phase were determined by measuring the absorbances at 327 nm and 255 nm, respectively. The aciddissociation constants (pKa) used for calculating KD were 6.18 for Htta 15 and 5.21 for py. 16 An attempt to evaluate the Ka and KD values of C8bpy was unsuccessful, because of its extremely high hydrophobicity.
Results and Discussion

Potentiometric responses induced by py
Typical examples of the py-induced potentiometric responses of polymeric liquid membranes containing Htta to metal ion are illustrated in Fig. 2a . Both the Htta-DOP membrane in the absence of py and the Htta-free DOP membrane in the presence of py showed no noticeable potentiometric response to Co 2+ . On the other hand, the Htta-DOP membrane, in the presence of py in the aqueous sample solution, exhibited a potentiometric Nernstian response to Co 2+ (10 -5 -10 -2 M) with a slope of 27 mV/decade. The Htta-DOP membrane in the presence of py also responded to some divalent metal ions, such as Ni 2+ , Zn 2+ and Cd 2+ (Fig. 2b) . The generation of a potentiometric response to metal ions by py depended on the concentration of py, the concentration of Htta in the liquid membrane and the solution pH, respectively. The potentiometric response to metal ions 220 ANALYTICAL SCIENCES FEBRUARY 2006, VOL. 22 was developed toward a Nernstian slope with increases in the py concentration in the aqueous sample solution, Htta concentration in the membrane and the solution pH. The slope of log C vs. potential plots for those metal ions were 22 -29 mV/decade, under the optimal conditions (Table 1) .
Potentiometric responses induced by C8bpy
At first, it was attempted to add a bidentate synergist, 2,2′-bipyridyl (bpy) into the aqueous sample solution in the similar manner to py. However, the bpy concentration could not be attained to the desired value, because the solubility of bpy in water is much lower than that of py. Therefore, the alkylated analog of bpy, C8bpy was used as a bidentate synergist, and was added into the liquid membranes.
The potentiometric response of polymeric liquid membranes containing Htta to some metal ions was also induced by the addition of bidentate C8bpy into the membranes.
As shown in Fig. 3a , the Htta-C8bpy-DOP membrane exhibited a potentiometric response to Cd 2+ (10 -5 -10 -2 M) at pH 6.0 with a slope of 28 mV/decade, whereas the Htta-DOP membrane and the C8bpy-DOP membrane showed no, or only small, potentiometric response to Cd 2+ . The Htta-C8bby-DOP membrane also responded to Co 2+ , Ni 2+ and Zn 2+ (Fig. 3b) . The slopes of log C vs. potential plots were 30 mV/decade for Zn 2+ and 37 mV/decade for Co 2+ and Ni 2+ at pH 6.0 (Table 1 ). The induction of the potentiometric response to metal ions by C8bpy depended on the concentrations of C8bpy and Htta in the liquid membrane, and the solution pH, in a similar behavior to the case of py.
Synergistic effects by py and C8bpy on the extraction of metals
Akaiwa et al. studied widely the synergistic extraction of metal ions with β-diketones and pyridine bases, using benzene and carbon tetrachloride as an extracting solvent. [17] [18] [19] [20] [21] [22] [23] To confirm the synergistic effect of chemical systems used in the present work, the solvent extraction experiments were achieved by employing a plasticizer as an extracting solvent. As listed in Tables 2 and 3 Synergist, py was added into aqueous sample solutions, whereas C8bpy was directly incorporated into the liquid membranes. Respective concentrations were expressed as the values in aqueous sample solutions for py and in DOP for C8bpy. Brackets show the respective concentrations and subscript org denotes the organic phase. The aqueous phases contained 33 mM Na2SO4. Volumes of two phases were 2 mL. The pH values in the aqueous phases were adjusted with H2SO4. Brackets show the respective concentrations and subscript org denotes the organic phase. The aqueous phases contained 33 mM Na2SO4. Volumes of two phases were 2 mL. The pH values in the aqueous phases were adjusted with H2SO4 (pH <3.3), 25 mM CH3COOH/CH3COONa (pH 3.3 -5.9) and 0.01 M KH2PO4/Na2HPO4 (pH 6.0 -7.0).
than those with Htta alone, showing synergistic effects due to py and C8bpy for all the metal ions tested. In the Htta-synergist systems, metal ions were extracted as the synergistic adducts, M(tta)2(py)n or M(tta)2(C8bpy)n (n = 1 or 2), into the organic phase. On the other hand, the metal ions were extracted with C8bpy alone, though the pH1/2 values were higher than those obtained in the coexistence of Htta and C8bpy. In the extraction system containing C8bpy alone, the extractabilities of metal ions were lowered with a decrease in the total concentration of acetate in the aqueous phase, while no decrease in the extractability was observed upon decreasing the sulfate concentration at a constant acetate concentration. From the results, it was suggested that metal ions formed a charged complex with C8bpy, and were extracted as an ion-pair, where the acetate ion presumably worked as a counter ion.
Generation of membrane potential
From the results of potentiometric experiments, it was found that the coexistence of Htta and a synergist is necessary for generating potentiometric responses of Htta-containing liquid membranes to metal ions. On the basis of our empirical finding that the hydrophobicity of chelating agents contributed greatly to the generation of a membrane potential, 13 an acidic chelating agent with a KD value larger than at least 10 3.2 may function as a charged ionophore for metal ions, where KD is the distribution coefficient of a chelating agent between the membrane solvent and water. The log KD value of Htta between DOP and water was estimated experimentally to be 1.50 ± 0.72 (n = 4). This result suggests that the potentiometric responses of the Htta-DOP membrane to metal ions cannot be obtained, because a less hydrophobic Htta is partitioned into the aqueous sample solution from the liquid membrane, and forms uncharged metal chelates. In fact, the liquid membrane system containing Htta alone exhibited no potentiometric response to metal ions, as described above.
Watarai et al. reported that β-diketones having a trifluoromethyl group showed interfacial adsorptivity in a heptane-water system. 24 According to their experimental results, the deprotonated tta -anion adsorbed weakly at the liquid/liquid interface in the pH range from 5.5 to 9.0. This suggests that tta -anions are capable of adsorbing at the liquid membrane/solution interface. A small part of tta -anions of partitioned Htta seemed to have adsorbed at the interface. The present potentiometric results suggest that the concentration of the adsorbed tta -anion may not be sufficient for generating the potentiometric response via a preferential uptake of metal ions in the absence of synergists.
In the presence of py in the aqueous sample solution, metal ions formed charged complexes with py, on the one hand, and an uncharged chelates with Htta, on the other. The KD value of py between DOP and water was evaluated experimentally to be 1.58 ± 0.14 (n = 6), which indicates that a major amount of py remained in the aqueous sample solution because the volume of the solution was exceedingly larger than that of the liquid membrane. On the other hand, the concentration of Htta partitioned into the aqueous sample solution from the membrane was estimated to be at most 10 -5 -10 -4 M level under the experimental conditions. Consequently, the formation of metalpy complexes in the aqueous sample solution was dominant at a high concentration of metal ions. Then, the increase in the organophilicity of metal ion species through the formation of metal-py complexes made their uptake by the adsorbed tta -anion easier than in the case of free metal ion. Hence, the potentiometric response to a metal ion was obtained by the aid of py, where the adsorbed tta -anion worked as an acceptor for the metal-py complex. The selectivity coefficients (K Pot M,N ) of the Htta-py membrane system were evaluated by the matched potential method, 25 where Ni 2+ , which gave the largest potentiometric response, was selected as a temporary primary ion. Both the tta -anion and C8bpy adsorbed at the interface may contribute to the uptake of free metal ions. Arrows indicate the uptake of ionic metal species, leaving its hydrophilic counter anion in solution. Charge separation is thus attained at the interface, and the membrane potential is generated. The synergists may play requisite roles for the uptake of ionic metal species at the surface tta -layer. py may lead to the uptake of charged metal species through complex formation with metal ions. C8bpy may form a mixed-ligand complex with the metal(II) ion and the tta -anion at the interface.
the complex formation constants 16 of those metal ions with py (Table 4 ). This suggests that the complex formation of metal ions with py participates in the generation of a membrane potential for the Htta-py membrane system. Different from py, C8bpy was expected to remain in the liquid membrane with almost no partition, because of its high hydrophobicity. The log KD value of bpy, the parent compound of C8bpy, was estimated to be 1.47 ± 0.41 (n = 4). The KD value of C8bpy, having two octyl groups, was not evaluated experimentally because of the high hydrophobicity, but the KD value was presumed to be much larger than that of bpy. The dominant species of metals in the aqueous sample solutions may be free metal ions at their high concentrations.
The potentiometric results indicated that the uptake of free metal ions did not occur by tta -anions alone adsorbed at the interface and by C8bpy alone in the membrane. The coexistence of tta -anions adsorbed at the interface and C8bpy in the membrane led to the effective uptake of metal ions for generating a potentiometric response. The selectivity coefficients of the Htta-C8bpy membrane system were evaluated by selecting Zn 2+ as a temporary primary ion, log K Pot Zn,M being -0.32 for Co 2+ , -0.40 for Cd 2+ and -1.03 for Ni 2+ . No definite relation was found between the selectivity coefficients and the complex formation constants of metal ions with bpy or Htta. Although the mechanism of synergistic uptake of metal ions in the HttaC8bpy membrane system is not yet fully clarified, it appears that the formation of metal-Htta complexes seems to be preferential to metal-bpy complexes, if one compares the first stepwise formation constants (K1) of metal-Htta and metal-bpy complexes (Table 4) . However, the basicity or complexforming ability of C8bpy was expected to be higher than bpy, due to two electron-donating octyl groups. Furthermore, the amount of tta -anion adsorbed at the membrane/solution interface may be only a small part of the net amount of Htta in the membrane. Therefore, tta -anions as a charged ionophore and C8bpy as a neutral synergist for metal ions both appeared to contribute for the uptake of metal ions, thereby generating membrane potentials.
The synergists, py and C8bpy, may play requisite roles for the uptake of ionic metal species by the tta -anions adsorbed at the interface. When the synergists were absent, no membrane potential was generated. Synergist py may lead to the uptake of charged metal species through the complex formation with metal ions. On the other hand, C8bpy may form a mixed-ligand complex with the metal ion and the tta -anion at the interface. The present experimental results indicate the presence of charged metal species at the liquid membrane/solution interface, which is responsible for the observed membrane potentials. This finding may furthermore explain the interfacial process in the synergistic extraction of metal ions.
The present approach may extend the usefulness of synergistic extraction systems to the field of ISEs beyond the areas of solvent extraction. In addition, the potentiometric results will contribute to understanding of the interfacial mechanism in solvent extraction.
